Background {#Sec1}
==========

The melting behavior of low-dimensional solids, such as thin films, nanofibers, and nanoparticles, has drawn increasing attention in the past decades due to a fundamental understanding of their melting behavior at surfaces/interfaces and practical concerns of their technological application. Abundant experimental evidence shows that the melting point of nanoparticles and thin films can be considerably lowered compared to the equilibrium melting point of the corresponding bulk solids (*T* ~0~) \[[@CR1]--[@CR6]\]. The physical origin of this phenomenon lies on the fact that surface or interface atoms have a lower coordination, on average, and are thus more weakly bound and less constrained in their thermal motion than the atoms in the bulk. When the dimension of a solid is reduced, a larger fraction of surfaces/interfaces is provided, where melting nucleation may take place and the melting temperature will be lowered. However, when metal particles are coated by (or embedded in) a solid matrix with a high melting point, their thermal stability against melting can be enhanced, i.e., the melting point *T* ~m~ can be even higher than *T* ~0~. In 1986, Daeges et al. \[[@CR7]\] demonstrated that Ag particles coated by Au could be heated up to 25 K above *T* ~0~ for 1 min without melting.

Following this pioneering work, superheating has been observed in a number of low-*T* ~0~ metal particles (with sizes usually in the nanometer range) \[[@CR8]--[@CR12]\]. Further investigations indicated that two major effects are responsible for the observed superheating. The first one is the formation of low-energy *epitaxial* particle/matrix interfaces. Suppressed nucleation of the molten phase at epitaxial interfaces is considered a key factor controlling the superheating of these particles \[[@CR4], [@CR10], [@CR13]\]. The second one is the pressure effect. A compressive pressure is exerted on embedded particles prior to melting due to the larger thermal expansion coefficient of metallic particles compared to that of the matrix. The pressure buildup was considered to be effective in raising the melting point of encapsulated/embedded nanoparticles. For example, a superheating as large as 270 K was observed in encapsulated metal particles (Pb, Sn) in fullerene-like shells \[[@CR8]\]. This can be understood following the classical thermodynamic Clausius-Clapeyron consideration, which relates the change of pressure (d*P*) to the change of melting point (d*T* ~m~):$$\documentclass[12pt]{minimal}
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                \begin{document}$$ \mathrm{d}{T}_{\mathrm{m}}=\frac{\mathrm{d}P{T}_0\varDelta V}{L} $$\end{document}$$where *L* is the latent heat and Δ*V* is the relative volume change on melting \[[@CR14]\]. For Pb, Δ*V* = (*V* ~L~ − *V* ~S~)/*V* ~S~ = 0.035, *V* ~S~ and *V* ~L~ are the volumes of the solid and liquid phases, respectively. For an implanted system, the lattice mismatch between particles and matrix leads to additional pressure on embedded nanocrystals (NCs) via the epitaxial particle/matrix interface. However, in the existing literature, the role of pressure appears to be small \[[@CR10]\], or the strain-related pressure effect was not quantitatively analyzed \[[@CR15]\].

To this end, we have synthesized Pb NCs embedded in crystalline Si, Al, and Cu matrices by using high-fluence ion implantation and subsequent annealing. Previous investigations show that the ion beam-synthesized Pb NCs have epitaxial particle/matrix interfaces and a well-defined octahedral shape bounded by {111} and {001} planes \[[@CR11], [@CR15], [@CR16]\]. The average particle size can be tuned by different synthesis parameters such as implantation fluence and annealing time. In addition, different levels of lattice mismatch between bulk Pb and the crystalline matrices result in different strain in the embedded Pb NCs, ranging from compressive to tensile. This degree of freedom provides a handle to explore the strain-related pressure effect on the melting behavior of these embedded Pb NCs. In situ high-temperature X-ray diffraction (XRD) was used to monitor the melting of the embedded Pb NCs. This technique has several advantages: (i) by recording the diffraction signal as a function of temperature, the melting sequence of the material of interest can be*continuously* monitored; (ii) a quantitative correlation between the melting point and the particle size can also be obtained through the analysis of the diffraction profile; and (iii) it provides detailed information about the lattice parameters, i.e., the pressure exerted on the particles, as a function of temperature prior to melting. Such information is crucial to elucidate the role of pressure on the melting behavior of the embedded Pb NCs, which is not available from differential scanning calorimetry \[[@CR17]\] or channeling analysis \[[@CR15]\].

Methods {#Sec2}
=======

Epitaxial Al and Cu layers with a thickness of 150 nm have been grown on 7 × 7 reconstructed Si(111) and MgO(220) substrates, respectively, in a molecular beam epitaxy setup with a base pressure of 5 × 10^−11^ Torr. The deposition rate (\~0.2 Å/s) was monitored in situ with a quartz crystal microbalance which was calibrated by using X-ray reflectivity. After deposition, the epitaxial layers were annealed in situ at 350 °C for 2 h in order to improve their crystalline quality.

Single-crystal Si(100) wafers and the epitaxial Al(111) and Cu(220) layers were implanted with 80 keV Pb^+^ ions at room temperature. The ion implantation current density was maintained below 2 μAcm^−2^ to reduce sample heating. After implantation, the samples with different implantation fluences ranging from 0.5 × 10^16^ to 4.0 × 10^16^ cm^−2^ were annealed in a N~2~ atmosphere (Si) at 873 K for 45 min or in vacuum (Al and Cu) at 723 K for 60 min to promote Pb precipitation and to recover the implantation-induced lattice damage to matrix materials.

Conventional room temperature XRD was performed on a Bruker D8 diffractometer, using Cu K~α~ radiation with an X-ray wavelength of 0.1542 nm. We used *θ*--2*θ* scans to measure the average size of the crystalline Pb precipitates and their lattice constants. XRD azimuthal *Ф* scans combined with high-resolution transmission electron microscopy (HRTEM) measurements performed on a JEOL 4000 operated at 400 kV were used to determine the lattice structure, crystallographic orientation, and shape of the embedded Pb particles.

The melting behavior of the Pb NCs was monitored by a similar diffractometer equipped with a high-temperature attachment which allows measurements up to 1273 K. Symmetric *θ*--2*θ* scans with a scan speed of 0.6°/min were employed to monitor the diffraction signals from Pb NCs. The sample was mounted on a molybdenum base furnace and kept in a He gas flow in order to reduce the temperature gradient from the heater to the sample surface. The temperature was calibrated with an accuracy of ±2 K by recording the Au-Si and Al-Si eutectics at 636 and 850 K, respectively. The sample was heated to each temperature at a heating rate of 5 K/min and held for 2 min before collecting the XRD profiles. During the measurements, the temperature stability was approximately 0.2 K.

Results and Discussion {#Sec3}
======================

Structural Characterization {#Sec4}
---------------------------

Immediately after ion implantation and subsequent annealing, the structure of the Pb NCs was assessed by conventional XRD. Figure [1](#Fig1){ref-type="fig"} shows *θ*--2*θ* scans in a 2*θ* range of 30°--80° for the Pb NCs in Si synthesized with different implantation fluences. The two small sharp peaks located at 61.6° and 65.8° are due to contributions of the residual Cu K~β~ and Ni K~α~ radiation to the Si(400) diffraction peak, respectively. The only detectable Pb peak is the Pb(200) reflection at 2*θ* ≈ 36.3°, confirming that the Pb particles are highly oriented with respect to the host Si matrix \[[@CR16]\]. The Pb diffraction peaks sharpen with increasing fluence, indicating the increasing size of the Pb NCs. By using the Scherrer formula, the average grain radius \<*R*\> is estimated (Table [1](#Tab1){ref-type="table"}). The error on the experimental data is mainly due to the systematic variation of the background signal, leading to a varying width for the Pb diffraction peak after background subtraction.Fig. 1XRD *θ*--2*θ* scans for virgin Si and two implanted Si samples. The data sets are shifted vertically for clarity Table 1Implantation fluence *f* and the average radius \<*R*\> of the embedded Pb NCs in different samplesSample no.12345*f*(10^16^ cm^−2^)0.51.01.51.04.0\<*R*\> (nm)2.7 ± 0.23.5 ± 0.14.3 ± 0.16.7 ± 0.37.0 ± 0.3MatrixSiSiSiAlCu

Azimuthal *Ф* scans of the diffraction planes not parallel with the sample surface (i.e., tilted by an angle*χ* from the sample surface) help to determine the Pb NCs lattice structure as well as to reveal their in-plane crystallographic orientation with respect to the Si matrix. Figure [2](#Fig2){ref-type="fig"} shows *Ф* scans of sample 2 for the Pb(111) diffraction with 2*θ* ≈ 31.3° and the Si(111) diffraction with 2*θ* ≈ 28.5°, respectively. The fourfold symmetry, with *χ* ≈ 54.8°, is consistent with the fcc-Pb(111) *Ф* scan. The peak positions of Pb(111) are coincident with the ones of Si(111), indicating an epitaxial relationship between the Pb NCs and the Si matrix. Therefore, we conclude that the fcc-Pb NCs are crystallographically oriented with respect to the Si matrix according to Pb(200)\[002\]//Si(200)\[002\]. The orientation of the Pb NCs in Al and Cu is determined as Pb(111)\[11 $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ \overline{2} $$\end{document}$\]//Al(111)\[11 $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ \overline{2} $$\end{document}$\] and Pb(220)\[002\]//Cu(220)\[002\], respectively, consistent with previous investigations \[[@CR11], [@CR15]\] and indicating an epitaxial alignment between the Pb NCs and the crystalline matrices.Fig. 2XRD *Ф* scans of sample 2 for fcc-Pb(111) and Si(111) (*χ* \~ 54.8°)

The faceted epitaxial Pb/Si interfaces were evident in the HRTEM image of a Pb NC in Si (sample 1) shown in Fig. [3](#Fig3){ref-type="fig"}. In addition, the hexagonal shape of the Pb particle when projected along the Si\[011\] zone axis indicates that the particle shape is a truncated octahedron bounded by {111} and {001} planes. This morphology of the Pb NCs in the Pb/Si system is very similar to that of the Pb particles in the Pb/Al and Pb/Cu systems \[[@CR11], [@CR15]\].Fig. 3HRTEM image of a Pb NC in Si corresponding to the \[011\] zone axis

In order to accurately determine the lattice constants of the Pb NCs, XRD patterns from Pb NCs with different average particle radii \<*R*\> were carefully studied by symmetric *θ*--2*θ* scans. The Pb(200) diffraction profiles of the implanted Si samples are plotted in Fig. [4](#Fig4){ref-type="fig"} after subtracting the background signal. Taking the Si(400) peak as a reference, the lattice constant $\documentclass[12pt]{minimal}
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                \begin{document}$$ {e}^{\perp }=\left({a}_{\mathrm{epi}}^{\perp }-{a}_0\right)/{a}_0 $$\end{document}$ is deduced, using *a* ~0~ = 0.495 nm for bulk (fully relaxed) Pb \[[@CR18]\]. To determine the parallel lattice constant $\documentclass[12pt]{minimal}
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                \begin{document}$$ {a}_{\mathrm{epi}}^{\parallel } $$\end{document}$ and the in-plane strain *e* ^∥^, XRD *θ*--2*θ*scans from the (220) diffraction were performed (not shown). According to the formula for *d*-spacing of a cubic crystalFig. 4XRD *θ*--2*θ* scans for Pb NCs in Si with varying sizes. The *dashed line* indicates the position of the bulk Pb(200) diffraction peak, and the *arrows* show the peak positions of the NCs $$\documentclass[12pt]{minimal}
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substituting the measured values of *d* ~(220)~, $\documentclass[12pt]{minimal}
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                \begin{document}$$ {a}^{\perp }={a}_{\mathrm{epi}}^{\perp }, $$\end{document}$ and *k* = 2, *l* = 2, *h* = 0 into the equation, we obtain the values for $\documentclass[12pt]{minimal}
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                \begin{document}$$ {e}^{\parallel }=\left({a}_{\mathrm{epi}}^{\parallel }-{a}_0\right)/{a}_0 $$\end{document}$can be calculated (Table [2](#Tab2){ref-type="table"}). The results indicate that the lattice constant of the embedded Pb NCs in Si is isotropically enlarged. Such lattice constant tuning results from a uniform tensile strain (*e* ^∥^ ≈ *e* ^⊥^) generated at the epitaxial interfaces due to the negative lattice mismatch between the particle and the matrix, i.e., *a* ~Pb~ \< *a* ~Si~. For Pb NCs in Cu, the embedded Pb NCs exhibit lattice contraction since *a* ~Pb~ \> *a* ~Cu~, i.e., the embedded Pb NCs are under compressive strain (Fig. [5](#Fig5){ref-type="fig"}). With increasing particle size, a reduction of the tensile/compressive strain for the Pb NCs in Si/Cu is observed, which can be considered as a result of the lattice relaxation (due to the formation of misfit dislocations at the particle/matrix interfaces).Table 2Lattice constants and elastic strain of the Pb NCs in SiSample no.Average radius (nm)$\documentclass[12pt]{minimal}
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                \begin{document}$$ {a}_{epi}^{\parallel } $$\end{document}$ (nm)*e* ^⊥^ (%)*e* ^∥^ (%)12.7 ± 0.20.4983 ± 0.00030.4982 ± 0.00060.67 ± 0.040.66 ± 0.1323.5 ± 0.10.4971 ± 0.00030.4969 ± 0.00060.42 ± 0.040.37 ± 0.1334.3 ± 0.10.4963 ± 0.00030.4961 ± 0.00060.26 ± 0.040.22 ± 0.13 Fig. 5Strain (*e* ^⊥^) of Pb NCs as a function of the average radius \<*R*\> in different matrices. The *dashed line* indicates *e* ^⊥^ = 0

For the Pb NCs in Al, the lattice constants of bulk Pb and bulk Al follow 4*a* ~Pb~ ≈ 5*a* ~Al~, corresponding to a relatively smaller lattice mismatch compared to the ones for Pb NCs in Si and Cu. The strain is expected to be easily released by interface misfit dislocations, and thus, no trace of strain is seen for the Pb NCs in the crystalline Al matrix as shown in Fig. [5](#Fig5){ref-type="fig"}.

From the measured lattice constants, one can estimate the strain-related pressure in the Pb NCs at room temperature to be$$\documentclass[12pt]{minimal}
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                \begin{document}$$ p=\frac{\kappa_{\mathrm{Pb}}\left({a}_0^3-{a}_{\mathrm{epi}}^3\right)}{a_0^3} $$\end{document}$$

in which *K* = 47.8 GPa is the bulk modulus of lead \[[@CR18]\]. Thus, different strain conditions indicate different pressure in the Pb NCs, which can be tuned by, e.g., particle size or matrix material. Consequently, Pb precipitates in these three matrices form an ideal system to investigate the strain-related pressure effect on the melting behavior of the embedded Pb NCs.

Melting Transition {#Sec5}
------------------

Figure [6](#Fig6){ref-type="fig"} presents in situ high-temperature XRD profiles of the Pb(200) diffraction peak of the embedded Pb NCs in Si at different fixed temperatures (sample 2). Although the intensity of the (200) peak decreases abruptly above 553 K, it is still clearly visible at 608 K, indicating that some Pb crystals exist in Si at a temperature which is 7 K higher than the *T* ~m~ of bulk Pb. At 723 K, the diffraction peak of Pb has completely disappeared, implying that no Pb crystals survive at this temperature.Fig. 6High-temperature XRD profiles of the Pb(200) diffraction peak at different temperatures for sample 2. The average radius of Pb NCs in Si is about 3.5 nm

The dependence of the integrated Pb(200) diffraction intensity on temperature from the first, third, and fifth temperature sequences (covering the temperature regime of 350--650 K) is shown in Fig. [7](#Fig7){ref-type="fig"} for sample 2. A hysteresis loop with a width \~50 K is clearly observed through several heating and cooling cycles and must hence be considered as an intrinsic phenomenon of the embedded Pb NCs in Si.Fig. 7Integrated intensity of Pb(200) as a function of temperature for sample 2. The *solid and open symbols* represent data during heating and cooling, respectively, in three temperature sequences

Figure [8](#Fig8){ref-type="fig"} shows a logarithmic plot of the integrated intensity of the Pb(200) peak as a function of temperature in the third heating cycle (sample 2). For a crystal containing only one kind of atom, with increasing temperature, the enhanced thermal displacement of atoms attenuates the diffraction intensity, *I*, according to the Debye-Waller factor, exp\[−2*B*(sin*θ*/*λ*)^2^\]: *I* = *I* ~0~ exp\[−2*B*(sin *ϑ*/*λ*)^2^\], where *θ* is the Bragg angle, *λ* is the wavelength of the X-rays, *I* ~0~ is the diffraction intensity of X-rays at 0 K, *B* = 8*π* ^2^\<*u* ^2^\>is the Debye-Waller parameter, and \<*u* ^2^\>^1/2^ is the root-mean-square (rms) atomic displacement \[[@CR19]\]. It is worth emphasizing that for single-crystalline elemental materials, at temperatures much higher than the Debye temperature Θ~D~ $\documentclass[12pt]{minimal}
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                \begin{document}$$ \left({\Theta}_{\mathrm{D}}^{\mathrm{Pb}}=88\ \mathrm{K}\right), < {u}^2{>}^{1/2}={\left(3{\mathit{\mathsf{\hbar}}}^2T/M{\kappa}_{\mathrm{B}}{\Theta}_{\mathrm{D}}\right)}^{1/2}, $$\end{document}$ i.e., \<*u* ^2^\> is proportional to the absolute temperature*T*, where *M* is the mass of the atoms, *κ* ~B~ is the Boltzmann constant, and *ħ* is Planck's constant \[[@CR19]\]. Thus, the rms displacement \<*u* ^2^\>^1/2^ = −\[ln(*I*/*I* ~0~)\]^1/2^*λ*/4*π*sin*θ* of Pb atoms can be obtained from the XRD data shown in Fig. [7](#Fig7){ref-type="fig"}. The Lindemann criterion \[[@CR20]\] states that melting occurs when the atomic rms displacement exceeds 12 % of the nearest-neighbor distance for fcc bulk crystals \[[@CR21]\]. This empirical criterion was proven valid for NCs \[[@CR10]\] and thus was applied for the melting point determination of the embedded Pb NCs. For example, the melting of the embedded Pb NCs in sample 2 is determined to take place at 530 K, prior to which the rms displacement of the Pb atoms increases slowly to a value of \~12 % (see Fig. [8](#Fig8){ref-type="fig"}). At temperatures above 530 K, some of the Pb has melted with no contribution to the observed integrated intensity, and the calculated rms displacement values are unphysical. In addition, the average particle size determined from the width of Pb(200) after annealing is evident to be the same as the one after in situ high-temperature XRD measurements within the experimental error. That means the size evolution of the Pb nanoparticles during heating and cooling cycles of in situ high-temperature XRD measurement is too small to be neglected.Fig. 8The experimentally determined rms displacement of the lead atoms as a function of temperature (*blue filled squares*). Logarithmic plot of the integrated intensity for the Pb(200) diffraction peak (sample 2) during the heating up (*black filled circles*) is shown. Above 530 K, a fraction of the precipitates is melted, and the rms values shown (*empty squares*) are unphysical

Melting of Pb NCs {#Sec6}
-----------------

The melting transitions for the embedded Pb NCs with different average sizes in Al are shown in Fig. [9](#Fig9){ref-type="fig"}, by plotting the integrated Pb(111) diffraction peak intensity as a function of temperature. A considerable superheating during the warming up process is observed, an effect which is clearly particle size dependent.Fig. 9Integrated intensity of the Pb(111) for Pb NCs in Al with different average radii \<*R*\>. The*dashed line* marks the melting point of bulk Pb

In order to examine the pressure effect on the melting behavior of the embedded Pb particles in Al, the lattice constants of Pb NCs in sample 4 as a function of temperature is shown in Fig. [10](#Fig10){ref-type="fig"}. We find that the lattice parameters of the embedded particles with an average radius of 6.7 nm are within the error in agreement with the tabulated bulk values, which are calculated from the known bulk Pb thermal expansion coefficient \[[@CR18]\]. From the lattice parameters of the Pb particles and the known bulk modulus of lead, the pressure in the Pb NCs was determined, as shown in Fig. [11](#Fig11){ref-type="fig"}. According to the Clausius-Clapeyron equation (Eq. [1](#Equ1){ref-type=""}), these pressures would give rise to a maximum increase in the melting temperature of \~10 K. As this is significantly smaller than the observed superheating in the Pb NCs, the pressure effect alone can only be considered to play a minor role in their melting temperature elevation. This is not surprising because (i) the pressure exerted on the embedded Pb NCs induced by the elastic strain is found to be extremely low at room temperature and (ii) the pressure Δ*P* ~T~, imposed on the Pb NCs by matrix confinement upon heating due to the mismatch of thermal expansion coefficient between Pb and Al, is also small. The latter contribution can be calculated using the treatment of Spaepen and Turnbull \[[@CR22]\]:Fig. 10Lattice constants of bulk Pb (---) and Pb NCs as a function of temperature Fig. 11The pressure and calculated change of melting point Δ*T* ~m~ as a function of temperature. The dashed line marks Δ*T* ~m~ = 0 $$\documentclass[12pt]{minimal}
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                \begin{document}$$ \varDelta {p}_{\mathrm{T}}=\frac{12\left({\alpha}_{\mathrm{Pb}}-{\alpha}_{\mathrm{M}}\right)\varDelta T{\mu}_{\mathrm{M}}{\kappa}_{\mathrm{Pb}}}{4{\mu}_{\mathrm{M}}+3{\kappa}_{\mathrm{Pb}}} $$\end{document}$$where *μ* ~M~ is the shear modulus of the matrix (*μ* ~Al~ =26 GPa \[[@CR18]\]), the *α*'s are the linear thermal expansion coefficients, and Δ*T* is the temperature increase on heating. Since the thermal coefficient of Pb is only slightly larger than that of Al (*α* ~Pb~ = 2.89 × 10^−5^ K^−1^,*α* ~Al~ = 2.31 × 10^−5^ K^−1^ \[[@CR18]\]), a small compressive pressure of 0.04 GPa in Pb is built up when a Pb/Al sample is heated from room temperature to 600 K. This pressure corresponds to a \~4 K increase in the melting point, which is negligibly small. Thus, the superheating is mainly attributed to the low-energy epitaxial particle/matrix interfaces \[[@CR10]\].

To fully explain the size-dependent melting point of embedded nanoparticles, Allen et al. \[[@CR23]\] proposed a thermodynamic model, which includes both the pressure and particle/matrix interface effects. They derived a relationship between the melting temperature and the particle radius *R* as:$$\documentclass[12pt]{minimal}
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where *T* ~R~ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ {T}_0^{Pb} $$\end{document}$ are the melting temperatures for particles of radius *R* and for bulk material, respectively; *γ* ~SM~ and *γ* ~LM~ are the interfacial energies between the solid and the matrix and the liquid and the matrix; *ρ* ~S~ and *ρ* ~L~ are the densities of solid and liquid lead, respectively;*Q* is the latent heat of melting; and Δ*E* is the change of free energy upon melting due to matrix confinement \[[@CR23]\]. For embedded spherical particles, Δ*E* = *P*Δ*V*, *P* is the pressure in the embedded particle prior to melting and Δ*V* is the relative volume change on melting (for lead, Δ*V* = 0.035 \[[@CR18]\]).

As demonstrated above in the discussion of the lattice parameters of Pb particles, the Clausius-Clapeyron equation shows that pressure, i.e., Δ*E*, cannot be the dominant term to explain superheating in Pb. Thus, the superheating of the embedded Pb particles is mainly attributed to the low-energy epitaxial Pb/Al interfaces, i.e., *γ* ~SM~ \< *γ* ~LM~, leading to a suppression of interface nucleation of the liquid phase as confirmed by molecular dynamics simulations \[[@CR24]\]. Moreover, according to Eq. [3](#Equ3){ref-type=""}, the superheating decreases with increasing particle size, consistent with our observation. This can be understood based on the fact that with increasing particle size, due to the decreasing surface-to-volume ratio, the role of the low-energy Pb/Al interfaces in achieving superheating is suppressed.

Since the Pb inclusions exhibit a lattice contraction in Cu (Fig. [5](#Fig5){ref-type="fig"}), it may be envisaged that a compressive pressure plays an important role in achieving the superheating of Pb NCs in Cu \[[@CR15]\], as shown in Fig. [12](#Fig12){ref-type="fig"}. To confirm this hypothesis, the lattice parameter of the Pb NCs in Cu as a function of temperature is shown in Fig. [10](#Fig10){ref-type="fig"}. For the Pb/Cu sample,*e* ^⊥^ \< 0 is observed. It means that a compressive pressure on the embedded Pb NCs is maintained prior to their melting, which leads to an enhancement of the melting temperature \[[@CR20]\]. According to Eq. [2](#Equ2){ref-type=""}, the pressure Δ*P* ~T~ imposed on the embedded Pb NCs due to matrix confinement is \~0.16 GPa when the sample is heated up from room temperature to 600 K. That is smaller than the measured pressure for Pb NCs, 0.71 GPa, determined by their lattice constant at 600 K (Fig. [11](#Fig11){ref-type="fig"}). These findings imply that the compressive pressure exerted on the Pb NCs in Cu prior to their melting is due to both (i) the compressive strain and (ii) matrix confinement upon heating. In addition, the superheating of the Pb NCs in Cu cannot be only due to the overpressure. For instance at 600 K, the measured pressure up to 0.71 GPa corresponds to an increase of 55 K in the melting temperature (Fig. [11](#Fig11){ref-type="fig"}). This is smaller than the observed superheating in Fig. [12](#Fig12){ref-type="fig"}. Thus, the superheating of the embedded Pb NCs in Cu is both attributed to the low-energy particle/matrix interface and the compressive pressure caused by the compressive strain and matrix confinement.Fig. 12Integrated intensity of the Pb(220) reflection for Pb NCs in Cu at heating cycles. The average particle radii \<*R*\> are 5.2 and 7.0 nm. The *dashed line* marks the melting point of bulk Pb

The melting transitions for the embedded Pb NCs with different average sizes in Si (samples 1--3) are shown in Fig. [13](#Fig13){ref-type="fig"}. The arrows indicate the temperatures at which melting of the Pb NCs takes place according to the Lindemann criterion. For the Pb/Si samples, the Pb NCs start to melt below the equilibrium temperature of bulk Pb and their melting temperature decreases with decreasing average size. From our experimental results, it is clear that the melting behavior of the embedded Pb NCs cannot be fully explained by (i) the suppression of melting nucleation at the epitaxial particle/matrix interface and (ii) the pressure effect caused by matrix confinement, i.e., the difference in thermal expansion coefficients between the Pb particles and the Si matrix, which is particle size independent. That is because both effects result in *superheating* of the embedded Pb NCs. Naturally, we have to take the strain-related pressure effect into account based on the fact that the tensile strain is found in the Pb NCs at room temperature.Fig. 13Integrated intensity of the Pb diffraction peak for samples 1--3 as a function of temperature. The *dashed line* indicates *T* ~m~ of bulk Pb, and the *arrows* indicate the temperatures at which the rms displacement values reach 12 % of the nearest-neighbor distance

In order to evaluate the role of elastic strain-related pressure effect on the melting behavior of the embedded Pb NCs, their lattice parameters were extracted from the XRD data, as shown in Fig. [10](#Fig10){ref-type="fig"}. Then, the strain of the embedded Pb NCs as a function of temperature is obtained (Fig. [11](#Fig11){ref-type="fig"}). It can be seen that at high temperatures, tensile strain is still present for the Pb NCs in Si, i.e., *e* ^⊥^ \> 0, indicating a negative pressure in the embedded Pb NCs, i.e., the Pb particles are subjected to tensile stresses. According to the Clausius-Clapeyron equation, this leads to a decrease of melting point. With increasing particle size, due to strain relaxation, a decrease of the tensile strain (i.e., the negative pressure) in the Pb particles is observed at temperatures prior to melting in Fig. [11](#Fig11){ref-type="fig"}. Thus, an enhancement of the melting point for the samples with larger particles is expected, consistent with our experimental results. This again shows unambiguously that the strain has to be taken into account in order to explain the melting behavior of Pb NCs embedded in Si. Hence, their melting can be interpreted in terms of two competing effects: (1) the melting temperature elevation by the low-energy epitaxial interfaces and the matrix confinement and (2) the suppression of the melting point due to the tensile strain-related pressure effect.

The above analysis gives further indication that the strain-related pressure effect can affect the melting behavior of the embedded Pb NCs. It is worth emphasizing that in contrast with the overpressure caused by the different thermal expansion coefficients between metallic nanoparticles and rigid matrices (*α* ~particle~ \< *α* ~Matrix~) \[[@CR25]\], which leads to a melting point elevation, the strain-related pressure effect is evident to enhance or decrease the melting temperature depending on the lattice mismatch between the Pb NCs and the crystalline matrices with the epitaxial particle/matrix interfaces. In addition, compared to Pb particles in Al, the melting transition of the embedded Pb NCs in Si and Cu is much broader, which is attributed to the larger size distribution of the embedded Pb NCs in Si and Cu. Although the size distribution of the embedded Pb particles can broaden the melting transition, trends of the average size- and the elastic strain-dependent melting are still clearly observed for these embedded Pb precipitates.

Conclusions {#Sec7}
===========

In conclusion, we have experimentally analyzed the melting behavior of Pb NCs in the crystalline Si, Al, and Cu matrices with epitaxial particle/matrix interfaces. Based on our detailed investigation of the lattice parameters of the embedded Pb NCs, we believe that the usual explanation advocated to explain superheating, i.e., interface epitaxy suppresses the melting nucleation, cannot fully account for the melting behavior of the embedded Pb NCs in Si and Cu. We demonstrated that the strain-related pressure effect plays an important role in controlling their melting behavior, which provides new possibilities to tune the instability temperature of low-dimensional materials against melting.
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